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(57) ABSTRACT

Aspects of the disclosure provide a circuit that includes a
detector, a loop filter and a controller. The detector is config-
ured to generate a first signal indicative a timing difference
between a reference clock signal and a feedback clock signal.
The feedback clock signal is generated based on an oscillat-
ing signal from an oscillator. The oscillator includes a first
tuning circuit and a second tuning circuit to tune a frequency
of' the oscillating signal. The loop filter is configured to filter
out a portion of frequency components from the first signal to
generate a second signal for tuning the first tuning circuit of
the oscillator. The controller is configured to tune the second
tuning circuit based on the first signal and the second signal.

20 Claims, 3 Drawing Sheets

100

1 13 1w
Trer 140
TWETO JWConr [ poa | Dour| 060 F\V/
— CONVERTER | (LOOPFUTER| OSCULATOR
CAPACITOR
CALIBRATION CONTROLLER Bﬁ*sK
= T -1
CAP CODE
fsica (R
ey Y371 CAPCODEADIUSTHENT
! conTroLwoRDC ~ FREGUENGY DIVIDER ™!
' i~ 170
: A MULT! :
; MODULATOR MODULUS DIVIDER
! 14 m \




US 9,356,612 B2
Page 2

(56) References Cited

U.S. PATENT DOCUMENTS

2006/0208808 Al* 9/2006 Bang ............... HO3L 7/10
331/16

2008/0220733 Al* 9/2008 McCune .............. HO3L 7/099
455/118

2008/0266004 Al* 10/2008 Denier .................. HO1L 41/042
3311A

2010/0013531 Al 1/2010
2012/0249195 Al* 10/2012

2013/0222024 Al* 82013
2013/0278303 Al* 10/2013

2014/0340161 Al* 11/2014

* cited by examiner

Ainspan et al.

GUO oo HO3L 7/103
327/156

Chen .....ccoooveviinine HO3L 7/093
327/157

Chen .....ccoooveviinine HO3L 7/101
327117

Canard ................ HO3L 7/0992
331/16



US 9,356,612 B2

Sheet 1 of 3

May 31, 2016

U.S. Patent

| o I |
—| Y300 SINCOW |+ HOLYINAON _
| LW V3 "
0~ m
:_ ¥3QNGANINOR QOMTOHINOD
INIWLSANAY 3009 d¥) ol f ANINOIHS
! -0
3000 dv)
oy + T
Gyl
WY NITIONLNOD NOILYNEITYD
HOLIOVAV) T r
- Yovea3a4 [
xo._.i.__omo> - Y3174 4001 L HALHIANCD e
1o Vi o ook
W 08l 0zl
00}




U.S. Patent May 31, 2016 Sheet 2 of 3

US 9,356,612 B2
»—~ 200
STRT Y~
v
INITIATE M 5210
)
WAIT FOR M CYCLES $220
8230
TDC OUTPUT NO
SATISFIES A
REQUIREMENT?
$240
LOOP FILTER NO
OUTPUT SATISFIES A
REQUIREMENT?
S250
$299 b
ADJUST CAP CODE
AND TOGGLE CODE
5260
CAP CODE
SEARCH DIRECTION
CHANGE?
INCREASE M

FIG. 2

S270



US 9,356,612 B2

Sheet 3 of 3

May 31, 2016

U.S. Patent

€ Old

0%€

INJWLSNrav 3400 m<&

q 3000 319901

¥3LSNrav 3000 31990L ANY 3002 dVI

IN9g

1353

95¢
¥3INNOD
NMOQ/dN

qoe

H9IH 410

MO1 410

¥5e
dOLVHYdNOD

£GE
d0LYdYdN0)

A

P

LINIT ¥3ddn41q

1nong

LINT ¥3M0T7g

A

HOIH 2L

MOT oal

[
HOLYHYdNOD

1G€
d01vevdiNOD

AV

[

LINT ¥3ddnnyq)

1N09q1

LN ¥3M0Tn )




US 9,356,612 B2

1
METHOD AND APPARATUS TO CALIBRATE
FREQUENCY SYNTHESIZER

INCORPORATION BY REFERENCE

This present disclosure claims the benefit of U.S. Provi-
sional Application No. 61/904,289, “A Fast Frequency Cali-
bration Schemes for Digital Frequency Synthesizer” filed on
Nov. 14,2013, which is incorporated herein by reference in its
entirety.

BACKGROUND

The background description provided herein is for the pur-
pose of generally presenting the context of the disclosure.
Work of the presently named inventors, to the extent the work
is described in this background section, as well as aspects of
the description that may not otherwise qualify as prior art at
the time of filing, are neither expressly nor impliedly admitted
as prior art against the present disclosure.

Various circuits, such as wireless transceivers, data con-
verters, wireline and optical serial data communication links,
processors, and the like, operate based on a periodic clock
signal. Generally, the periodic clock signal is generated by a
frequency synthesizer. The frequency synthesizer can be
tuned to output the periodic clock signal of a desired fre-
quency.

SUMMARY

Aspects of the disclosure provide a circuit that includes a
detector, a loop filter and a controller. The detector is config-
ured to generate a first signal indicative a timing difference
between a reference clock signal and a feedback clock signal.
The feedback clock signal is generated based on an oscillat-
ing signal from an oscillator. The oscillator includes a first
tuning circuit and a second tuning circuit to tune a frequency
of' the oscillating signal. The loop filter is configured to filter
out a portion of frequency components from the first signal to
generate a second signal for tuning the first tuning circuit of
the oscillator. The controller is configured to tune the second
tuning circuit based on the first signal and the second signal.

In an embodiment, the controller is configured to detect
whether the first signal satisfies a requirement, and tune the
second tuning circuit based on the detection. In an example,
the controller is configured to compare the first signal to an
upper boundary and a lower boundary of a range to detect
whether the first signal is in the range, and tune the second
tuning circuit based on the comparisons.

According to an aspect of the disclosure, the second tuning
circuit is a capacitor bank, and the controller is configured to
determine a plurality of control bits for configuring the
capacitor bank.

In an embodiment, the detector is a time to digital converter
configured to generate a first digital signal indicative the
timing difference between the reference clock signal and the
feedback clock signal, and the loop filter is a digital loop filter
configured to filter out high frequency components from the
first digital signal to generate a second digital signal to tune
the first tuning circuit of the oscillator.

Further, in an example, the circuit includes a frequency
divider configured to frequency-divide the oscillating signal
to generate the feedback clock signal, and includes a sigma-
delta modulator configured to dither a divisor of the fre-
quency divider. The controller is configured to control the
sigma-delta modulator to dither the divisor based on at least
one of the first signal and the second signal.
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In an embodiment, the controller also adjusts a settling
time to allow the oscillator to settle based on the tuning of the
second tuning circuit.

Aspects of the disclosure provide a method for calibrating
a frequency synthesizer. The method includes receiving a first
signal indicative a timing difference between a reference
clock signal and a feedback clock signal generated based on
an oscillating signal from an oscillator, and receiving a sec-
ond signal from a filter that filters out a portion of frequency
components from the first signal. The second signal is used
for tuning a first tuning circuit of the oscillator. The method
further includes tuning a second tuning circuit of the oscilla-
tor based on the first signal.

Aspects of the disclosure provide an apparatus that
includes a controller and a phase-locked loop formed by an
oscillator, a frequency divider, a detector, and a loop filter.
The oscillator includes a first tuning circuit and a second
tuning circuit to tune a frequency of an oscillating signal
generated by the oscillator. The frequency divider is config-
ured to frequency divide the oscillator signal to generate a
feedback clock signal. The detector is configured to generate
a first signal indicative a timing difference between a refer-
ence clock signal and the feedback clock signal. The loop
filter is configured to filter out a portion of frequency compo-
nents from the first signal to generate a second signal for
tuning the first tuning circuit of the oscillator. The controller
is configured to tune the second tuning circuit based on the
first signal.

BRIEF DESCRIPTION OF THE DRAWINGS

Various embodiments of this disclosure that are proposed
as examples will be described in detail with reference to the
following figures, wherein like numerals reference like ele-
ments, and wherein:

FIG. 1 shows a block diagram of an electronic system
example 100 according to an embodiment of the disclosure;

FIG. 2 shows a flow chart outlining a process example 200
according to an embodiment of the disclosure; and

FIG. 3 shows a block diagram of a configuration controller
example 350 according to an embodiment of the disclosure.

DETAILED DESCRIPTION OF EMBODIMENTS

FIG. 1 shows a block diagram of an electronic system
example 100 according to an embodiment of the disclosure.
The electronic system 100 includes a frequency synthesizer
110 configured to generate an oscillating signal V ;5777 470r
having a frequency of interest. The oscillating signal having
the frequency of interest is used by other components of the
electronic system 100, such as a transceiver (not shown), a
data converter (not shown), a processor (not shown), and the
like. The frequency synthesizer 110 includes an oscillator 140
with a capacitor bank 145, and a calibration controller 150.
The calibration controller 150 is configured to perform a fast
calibration of the oscillator 140 to determine a cap code for
the capacitor bank 145 in order to generate the oscillating
signal V ;77 1 470r having the frequency of interest in a short
time.

The electronic system 100 can be any suitable electronic
system that uses a frequency synthesizer to provide an oscil-
lating signal, such as a desktop computer, a laptop computer,
atablet computer, a smart phone, a modem, a network switch,
an optical data transmission device, and the like.

In the FIG. 1 example, the frequency synthesizer 110 is a
digital frequency synthesizer that uses digital signal process-
ing techniques to form a digital phase-locked loop (DPLL) to
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lock the oscillating signal at the frequency of interest with
reference to a reference clock signal fy... Specifically, the
digital phase-locked loop includes a time-to-digital converter
(TDC) 120, a digital loop filter (DLF) 130, the oscillator 140,
and a frequency divider 170. These elements are coupled
together as shown in FIG. 1.

The frequency divider 170 is configured to frequency-
divide the oscillating signal V ;577 7 170r 10 generate a feed-
back clock signal f zrz,cx In the FIG. 1 example, the
frequency divider 170 is implemented using a multi-modulus
fractional N divider architecture. Specifically, the frequency
divider 170 includes a multi-modulus divider 172 and a
sigma-delta modulator 174. The multi-modulus divider 172
has multiple integer moduli. The sigma-delta module 174
receives a frequency control word indicative a divisor for
frequency division. The divisor has an integral part and a
fractional part. The sigma-delta module 174 is configured to
emulate the fractional part of the frequency divider 170 into
instantaneous integral levels, and to control the multi-modu-
lus divider 172 to change modulus. In an example, the fre-
quency control word is suitably provided according to the
ratio of the frequency of interest to the frequency of the
reference clock signal fy ..

The TDC 120 is configured to receive the reference clock
signal f, - and the feedback clock signal fzzzrz 4> detect a
timing difference, such as a phase difference, a frequency
difference, and the like between the reference clock signal
frz-and the feedback clock signal f,. 1z 4 ~z» and generate a
first digital signal TDC,,,- indicative of the timing differ-
ence. In an embodiment, the TDC 120 has a capture range,
such as a phase error capture range. When a phase error
between the reference clock signal fy. and the feedback
clock signal {25 -z 15 in the phase error capture range, the
value of the first digital signal TDC,, - is indicative of the
phase error, and the DPLL operates to lock the feedback clock
signal -z 4cx 10 the reference clock signal - ~. When the
phase error is out of the phase error capture range, the first
digital signal TDC,,-1s clipped, and is not indicative of the
phase error any more. In an example, when the first digital
signal TDC ,,,1s clipped, it takes a relatively long time for
the DPLL to pull the first digital signal TDC,, back into the
phase error capture range.

The DLF 130 receives the first digital signal TDC ;.
filters out certain frequency components to generate a second
digital signal DLF 5,7 In an embodiment, the DLF 130 is a
low pass filter configured to filter out high frequency compo-
nents, thus the second digital signal DLF - is relatively
stable.

The oscillator 140 receives the second digital signal
DLF ;. and generates the oscillating signal V oscrr7470r
based on the second digital signal DLF ;. When the feed-
back clock signal {z 154 cx 18 locked to the reference clock
signal f .., the oscillating signal V ,scrr 7 470r has the fre-
quency of interest.

In the FIG. 1 example, the oscillator 140 is a digital con-
trolled oscillator (DCO). In an embodiment, the oscillator
140 includes multiple frequency tuning circuit components to
tune the frequency of the oscillating signal V s5cr7 7470 1
an example, the DCO includes a coarse tuning module, such
as the capacitor bank 145, and a fine tuning module, such as
one or more varactors (not shown), and the like. The coarse
tuning module and the fine tuning module are collectively
tuned to adjust the frequency of the oscillating signal
V oscirraror @0d cause the feedback clock signal {rzrppcx
to be locked to the reference clock signal fy .

Generally, the coarse tuning module is calibrated first to
reduce the phase error between the feedback clock signal
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freeppace and reference clock signal fi.z, such that the
phase error is in a range that can be corrected by tuning the
fine tuning module. In an example, the oscillator 140 is con-
figured to have a wide frequency tuning range, such that the
frequency synthesizer 110 can be used to generate the oscil-
lating signal with a wide frequency range in order to cover
multiple frequency bands. For example, the cap code includes
alarge number of bits, such as 10 bits, and the like, thus a load
capacitance of the oscillator 140 can be tuned in a large
capacitance range. The large number of bits can require a
relatively long calibration time. In the FIG. 1 example, the
calibration controller 150 is configured to perform a fast
calibration of the capacitor bank 145 to determine the cap
code in a short time. Then the fine tuning module is tuned
based on the second digital signal DLF ., to lock the oscil-
lating signal V ;o777 4ror With reference to the reference
clock signal fz .

Specifically, in an embodiment, the calibration controller
150 receives both the first digital signal TDC,,, and the
second digital signal DLF ,,,, and adjusts the cap code based
on both the first digital signal TDC,, - and the second digital
signal DLF . In an example, the calibration controller 150
is configured to detect whether the first digital signal TDC
satisfies a requirement, such as in a range, and determine a cap
code adjustment based on the detection. For example, when
the first digital signal TDC,, - is above an upper limit of the
range, the calibration controller 150 is configured to adjust
the cap code in a direction, such as to reduce the load capaci-
tance, in order to reduce the first digital signal TDC,,,,; and
when the first digital signal TDC - is below a lower limit of
the range, the calibration controller 150 is configured to
adjust the cap code in a direction, such as to increase the load
capacitance, in order to increase the first digital signal
TDC ;7 When the first digital signal TDC,,,,-is within the
range, the calibration controller 150 further determines the
cap code adjustment based on the second digital signal
DLF 5.7 In the embodiment, the calibration controller 150
makes the cap code adjustment based on the first digital signal
TDC ;10 avoid clipping the first digital signal TDC ;-

Further, according to an aspect of the disclosure, the cali-
bration controller 150 also provides a toggle code to control
the sigma-delta modulator 174 based on at least one of the
first digital signal TDC,,- and the second digital signal
DLF ;¢ In the FIG. 1 example, the frequency divider 170
includes an adder 176 configured to combine the frequency
control word with the toggle code to generate toggled fre-
quency control word. The sigma-delta modulator 174 then
controls the change of the modulus in the multi-modulus
divider 170 according to the toggled frequency control word.
In an embodiment, the calibration controller 150 generates
the toggle code to avoid clipping the first digital signal
TDC ;¢ In an example, the toggle code is used to temporally
adjust the phase of the feedback clock signal {rzrpzicx t0
pull the phase error between the feedback clock signal
frrEppack and reference clock signal ;.. in the phase error
capture range, thus the first digital signal TDC,,, is not
clipped.

According to an aspect of the disclosure, when the first
digital signal TDC,,, is clipped, it takes a relatively long
time to pull the first digital signal TDC,, - back to the phase
error capture range. When signal clipping is avoided, the
calibration time is saved.

According to another aspect of the disclosure, the calibra-
tion controller 150 is configured to dynamically adjust a wait
time for settling. In an embodiment, the digital circuits in the
DPLL operate based on a clock signal, such as a system clock,
the reference clock signal, and the like. The calibration con-
troller 150 initializes a relatively small number of clock
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cycles, such as 4 cycles and the like, as the wait time at the
beginning of the calibration when the phase error is large; and
gradually increases the wait time to allow enough time for the
DPLL to settle. The dynamic wait time adjustment saves the
total calibration time.

In an implementation of the electronic system 100, the
capacitor bank 145 uses 10-bit cap code. The cap code search
time for 100,000 random frequency tests are measured, the
minimum search time is 0.5 s, the average search time is 5.1
us, and the maximum search time is 22 ps. In a related
example, each bit requires 35 us search time, and the total
search time is 350 ps. The search time of the implementation
is much smaller than the related example.

It is noted that the calibration controller 150 can be imple-
mented using various techniques. In an example, the calibra-
tion controller 150 is implemented using circuits. In another
example, the calibration controller 150 is implemented as a
processor executing code instructions.

FIG. 2 shows a flow chart outlining a process example 200
according to an embodiment of the disclosure. In an example,
the process is executed by a controller, such as the calibration
controller 150 in the frequency synthesizer 110 to determine
the cap code for configuring the capacitor bank 145. The
process starts at S201, and proceeds to S210.

At S210, a wait time (e.g., M clock cycles) for an oscillator
to settle is initialized. In the FIG. 1 example, at the beginning
of the calibration, the calibration controller 150 initializes a
relatively small number of wait cycles, such as four clock
cycles of the system clock, as the wait time.

At S220, the controller waits according to the wait time. In
the FIG. 1 example, the calibration controller 150 waits
according to the number of wait cycles for the DPLL to settle.

At S230, the controller determines whether a detector out-
put satisfies a requirement. In the FIG. 1 example, the cali-
bration controller 150 receives the first digital signal TDC .-
output from the TDC 120, and determines whether the first
digital signal TDC - 1s in a TDC range. In an example, the
TDC range is predefined to avoid clipping the first digital
signal TDC,,; . When the first digital signal TDC ,,,-is in the
TDC range, the process proceeds to S240; otherwise, the
process proceeds to S250.

At 5240, the controller determines whether a loop filter
output satisfies a requirement. In the FIG. 1 example, the
calibration controller 150 receives the second digital signal
DLF 5.7, and determines whether the second digital signal
DLF ,,,rsatisfy a requirement. In an example, the calibration
controller 150 uses a counter to count up or count down in
response to comparisons of the second digital signal DLF -
to an upper boundary and a lower boundary of a DLF range.
In an example, the counter counts up when the second digital
signal DLF ,,,-1s larger than the upper boundary of the DLF
range, and counts down when the second digital signal
DLF ,;,ris lower than the lower boundary of the DLF range.
Further, the calibration controller 150 determines whether the
counted number is in a range. When the counted number is in
the range, the process proceeds to S299 and terminates; oth-
erwise, the process proceeds to S250.

At S250, the controller adjusts a cap code for configuring a
capacitor bank of the oscillator and adjusts a toggle code to
temporally change a divisor for a frequency divider. In an
example, when the first digital signal TDC,, - is larger than
the upper boundary of the TDC range or, the second digital
signal DLF ,,,-1s larger than the upper boundary of the DLF
range in more than half of the wait cycles (M/2), the calibra-
tion controller 150 adjusts the cap code to increase the load
capacitance of the oscillator 140. In addition, the calibration
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controller 150 adjusts the toggle code to add a positive delay
to the feedback clock signal {rzzrz sox-

However, in the example, when the first digital signal
TDC ,p/is smaller than the lower boundary of the TDC range
or the second digital signal DLF ,,,,is smaller than the lower
boundary of the DLF range in more than half of the wait
cycles, the calibration controller 150 adjusts the cap code to
decrease the load capacitance of the oscillator 140. In addi-
tion, the calibration controller 150 adjusts the toggle code to
add a negative delay to the feedback clock signal {rrzpp4cx-

At S260, the controller determines whether the search of
the cap code changes direction. In an example, when the
search of the cap code changes from increasing the load
capacitance to decreasing the load capacitance, or when the
search of cap code changes from decreasing the load capaci-
tance to increasing the load capacitance, the process proceeds
to S270; otherwise, the process returns to S220. In another
example, the search of the cap code follows a sequence from
the most significant bit to the least significant bit. When the
search of the cap code moves to a next bit in the sequence, the
process proceeds to S270; otherwise, the process returns to
S220.

At S270, the number of wait cycles (M) is increased. In the
FIG. 1 example, the calibration controller 150 increases the
number of wait cycles (M) to allow longer time to settle the
DPLL. Then, the process returns to S220.

FIG. 3 shows a block diagram of a calibration controller
350 according to an embodiment of the disclosure. The cali-
bration controller 350 can be used in the electronic system
100 in the place of the calibration controller 150. The cali-
bration controller 350 includes a first comparator 351, a sec-
ond comparator 352, a third comparator 353, a fourth com-
parator 354, a combiner 355, an up/down counter 356 and a
cap code and toggle code adjuster 357. These elements are
coupled together as shown in FIG. 3.

The first comparator 351 compares a first digital signal
TDC ;¢ with a lower boundary TDC; ,5mr zmar0f a TDC
range, and outputs a first comparison output TDC_LOW
indicative of the comparison result. For example, when the
first digital signal TDC,,,,-1s larger than the lower boundary
TDC; opzr rmar the first comparison output TDC_LOW is
binary zero, and when the first digital signal TDC,,,,. is
smaller than the lower boundary TDC, ,yzr 74 the first
comparison output TDC_LOW is binary one.

The second comparator 352 compares the first digital sig-
nal TDC ,,,with an upper boundary TDC pppr rmar0fthe
TDC range, and outputs a second comparison output
TDC_HIGH indicative of the comparison result. In an
example, when the first digital signal TDC,,,,,-is larger than
the upper boundary TDCppzr 77 the second comparison
output TDC_HIGH is binary one, and when the first digital
signal TDC,,;+ is smaller than the upper boundary
TDC pper rmars the second  comparison  output
TDC_HIGH is binary zero.

The third comparator 353 compares a second digital signal
DLF ,; with a lower boundary DLF; ,prr 7 g7 0f @ DLF
range, and outputs a third comparison output DLF_LOW
indicative of the comparison result. For example, when the
second digital signal DLF - is larger than the lower bound-
ary DLF; opzr rgrs the third comparison output
DLF_LOW is binary zero, and when the second digital
signal DLF,. is smaller than the lower boundary
DLF; ower rmar the third comparison output DLF_LOW is
binary one.

The fourth comparator 354 compares the second digital
signal DLF ,,; with an upper boundary DLF ppzz 7 e Of
the DLF range, and outputs a fourth comparison output
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DLF_HIGH indicative of the comparison result. In an
example, when the second digital signal DLF ,, - is larger
than the upper boundary DLF;ppzz 77 the fourth com-
parison output DLF_HIGH is binary one, and when the sec-
ond digital signal DLF . -is smaller than the upper boundary
DLF pper s the fourth comparison output DLF_HIGH
is binary zero.

The third comparison result and the fourth comparison
result are combined and input to the up/down counter 356. In
an example, in each clock cycle of a system clock, the
up/down counter 356 counts up by one when the fourth com-
parison result DLF_HIGH is binary one and counts down by
one when the third comparison result DLF_LOW is binary
one. The up/down counter 356 outputs a counter value D+
to the cap code and toggle code adjuster 357.

The cap code and toggle code adjuster 357 receives the first
comparison result TDC_LOW, the second comparison result
TDC_HIGH and the counter value D, and generates a
toggle code and a cap code adjustment based on the received
information. In an embodiment, the cap code and toggle code
adjuster 357 initializes M for the number of wait cycles of the
system clock, then the cap code and toggle code adjuster 357
sends a reset signal to the up/down counter 356 to reset the
counter value to zero. The cap code and toggle code adjuster
357 waits for M clock cycles and determines the toggle code
and the cap code adjustment based on the received informa-
tion.

In an example, when the second comparison result
TDC_HIGH is binary one, or when the counter value D, is
more than M/2, the cap code and toggle code adjuster 357
controls the cap code adjustment for a capacitor bank, such as
the capacitor bank 145 and the like to increase a load capaci-
tance. In addition, the cap code and toggle code adjuster 357
sets the toggle code, for example, to positive one to add a
positive delay to the feedback clock signal f.zzrz4cx Fur-
ther, the cap code and toggle code adjuster 357 sends the reset
signal to the up/down counter 356 to reset the counter value to
zero, and waits for M clock cycles before next toggle code and
cap code adjustment.

In the example, when the first comparison result
TDC_LOW is binary one, or when the counter value D, 1s
smaller than —-M/2, the cap code and toggle code adjuster 357
controls the cap code adjustment to decrease the load capaci-
tance. In addition, the cap code and toggle code adjuster 357
sets the toggle code to negative one to add a negative delay to
the feedback clock signal frzzpz  cx- Further, the cap code
and toggle code adjuster 357 sends the reset signal to the
up/down counter 356 to reset the counter value to zero, and
waits for M clock cycles before next toggle code and cap code
adjustment.

In the example, when both the first comparison result and
the second comparison results are binary zero and the abso-
lute value of the counter value D, is smaller than M/2, the
cap code and toggle code adjuster 357 outputs a signal to
indicate the calibration is done.

While aspects of the present disclosure have been
described in conjunction with the specific embodiments
thereof that are proposed as examples, alternatives, modifi-
cations, and variations to the examples may be made. Accord-
ingly, embodiments as set forth herein are intended to be
illustrative and not limiting. There are changes that may be
made without departing from the scope of the claims set forth
below.
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What is claimed is:

1. A circuit, comprising:

a detector configured to generate a first signal indicative a
timing difference between a reference clock signal and a
feedback clock signal generated based on an oscillating
signal from an oscillator;

a loop filter configured to filter out a portion of frequency
components from the first signal to generate a second
signal for tuning a first tuning circuit of the oscillator, the
oscillator including the first tuning circuit and a second
tuning circuit to tune a frequency of the oscillating sig-
nal; and

a controller configured to receive the first signal from the
detector and the second signal from the loop filter, feed
the received first signal to a first pair of comparators,
feed the received second signal to a second pair of com-
parators, and tune the second tuning circuit based on
outputs of the first and second pairs of comparators.

2. The circuit of claim 1, wherein the controller is config-
ured to detect whether the first signal satisfies a requirement,
and tune the second tuning circuit based on the detection.

3. The circuit of claim 2, wherein the controller is config-
ured to compare the first signal to an upper boundary and a
lower boundary of a range to detect whether the first signal is
in the range, and tune the second tuning circuit based on the
comparisons.

4. The circuit of claim 1, wherein the controller is config-
ured to determine a plurality of control bits for configuring a
capacitor bank of the oscillator.

5. The circuit of claim 1, wherein the detector comprises a
time to digital converter configured to generate a first digital
signal indicative the timing difference between the reference
clock signal and the feedback clock signal.

6. The circuit of claim 4, wherein the loop filter comprises
a digital loop filter configured to filter out high frequency
components from a first digital signal to generate a second
digital signal to tune the first tuning circuit of the oscillator.

7. The circuit of claim 1, wherein:

a frequency divider is configured to frequency-divide the
oscillating signal to generate the feedback clock signal;

a sigma-delta modulator is configured to dither a divisor for
the frequency divider; and

the controller is configured to control the sigma-delta
modulator to dither the divisor based on at least one of
the first signal and the second signal.

8. The circuit of claim 1, wherein the controller is config-
ured to adjust a settling time to allow the oscillator to settle
based on the tuning of the second tuning circuit.

9. A method, comprising:

receiving, by a controller, a first signal from a detector, the
first signal indicative a timing difference between a ref-
erence clock signal and a feedback clock signal gener-
ated by the detector based on an oscillating signal from
an oscillator;

receiving, by the controller, a second signal from a filter
that filters out a portion of frequency components from
the first signal, the second signal being used for tuning a
first tuning circuit of the oscillator;

feeding the received first signal to a first pair of compara-
tors and feeding the received second signal to a second
pair of comparators; and

tuning a second tuning circuit of the oscillator based on
outputs of the first and second pairs of comparators.

10. The method of claim 9, wherein tuning the second
tuning circuit of the oscillator based on the first signal further
comprises:
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detecting whether the first signal satisfies a requirement;

and

tuning the second tuning circuit based on the detection.

11. The method of claim 10, wherein tuning the second
tuning circuit of the oscillator based on the first signal further
comprises:

comparing the first signal to an upper boundary and a lower

boundary of a range to detect whether the first signal is in
the range; and

tuning the second tuning circuit based on the comparisons.

12. The method of claim 9, wherein tuning the second
tuning circuit of the oscillator based on the first signal further
comprises:

determining a plurality of control bits for configuring a

capacitor bank of the oscillator.

13. The method of claim 9, wherein receiving the first
signal indicative the timing difference between the reference
clock signal and the feedback clock signal generated based on
the oscillating signal from the oscillator further comprises:

receiving a first digital signal indicative the timing differ-

ence between the feedback clock signal to the reference
clock signal.

14. The method of claim 13, wherein receiving the second
signal from the filter that filters out the portion of frequency
components from the first signal further comprises:

receiving a second digital signal from a digital loop filter

that filters out high frequency components from the first
digital signal.

15. The method of claim 9, further comprising:

adjusting a divisor of a frequency divider that frequency-

divides the oscillating signal to generate the feedback
clock signal based on at least one of the first signal and
the second signal.
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16. The method of claim 9, further comprising:

adjusting a settling time that allows the oscillator to settle
based on the tuning of the second tuning circuit.

17. An apparatus, comprising:

an oscillator including a first tuning circuit and a second
tuning circuit to tune a frequency of an oscillating signal
generated by the oscillator;

a frequency divider configured to frequency divide the
oscillator signal to generate a feedback clock signal;

a detector configured to generate a first signal indicative a
timing difference between a reference clock signal and
the feedback clock signal;

a loop filter configured to filter out a portion of frequency
components from the first signal to generate a second
signal for tuning the first tuning circuit of the oscillator;
and

a controller configured to receive the first signal from the
detector and the second signal from the loop filter, feed
the received first signal to a first pair of comparators,
feed the received second signal to a second pair of com-
parators, and tune the second tuning circuit based on
outputs of the first and second pairs of comparators.

18. The apparatus of claim 17, wherein the controller is

configured to determine a plurality of control bits for config-
uring a capacitor bank of the oscillator.

19. The apparatus of claim 17, wherein:

a sigma-delta modulator is configured to dither a divisor for
the frequency divider; and

the controller is configured to control the sigma-delta
modulator to dither the divisor based on at least one of
the first signal and the second signal.

20. The apparatus of claim 17, wherein the controller is

configured to adjust a settling time to allow the oscillator to
settle based on the tuning of the second tuning circuit.
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